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1.0  INTRODUCTION 


Cyclic  loading  causes  fatigue  cracking  in  a  ship’s  welded  structural  details.  If  these 
details  are  not  designed  to  resist  fatigue  cracking,  the  ship’s  profitability  may  be 
affected  by  repair  costs  and  its  economic  life  shortened.  Fatigue  cracks,  for  instance, 
may  lead  to  fractures  in  ship’s  primary  hull  structure,  an  event  resulting  in 
catastrophic  failure.  Therefore,  designers  should  use  structural  details  that  minimize 
fatigue  damage  and  ensure  structural  integrity  for  the  ship’s  intended  service  life. 

One  technique  for  predicting  and  assessing  fatigue  cracking  uses  empirical  data  , 
derived  from  laboratory  tests  of  representative  structural  details.  After  details 
undergo  fatigue  tests,  test  data  are  analyzed  in  terms  of  stress  applied  to  each  detail 
and  the  number  of  cycles  required  to  reach  failure.  The  test  results  are  commonly 
referred  to  as  S-N  data  and  are  presented  in  S-N  curves. 

The  fatigue  design  curves  presented  by  Munse  (1)  and  re-analyzed  by  Stambaugh 
and  Lawrence  (2)  are  for  various  structural  geometries  that  are  difficult  to  apply  to 
ship  structural  details.  This  report  presents  a  fatigue  design  strategy  to  apply  fatigue 
data  to  welded  ship  structural  details.  The  fatigue  design  strategy  is  based  on  the 
nominal  stress  approach  for  basic  welded  structural  configurations.  A  variation  of  the 
nominal  stress  approach  is  used  for  weld  terminations  in  attached  bracket  details. 
After  having  separated  the  global  geometric  stress  concentration  factors  from  the 
welded  details,  it  is  possible  to  select  weld  configurations  that  improve  fatigue  life  and 
assess  the  impact  of  geometric  stress  concentration  factors  and  combined  loadings 
typical  of  welded  ship  structural  details. 

The  case  studies  used  to  characterize  the  stress  in  typical  ship  structural  details  are 
presented  in  Appendix  A.  The  approach  used  to  develop  the  fatigue  design  strategy 
is  presented  in  Appendix  B.  A  methodology  for  evaluating  the  effect  of  weld 
parameters  (e.g.,  geometry  and  residual  stress)  is  presented  in  Appendix  C.  A 
glossary  of  terms  is  presented  in  Appendix  D. 
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2.0  FATIGUE  IN  SHIP  STRUCTURAL  DETAILS 


Throughout  its  service  life,  a  ship  experiences  environmental  loading  which  causes  cyclic 
stress  variations  in  structural  members.  Those  variations  can  cause  fatigue  cracking  in 
welded  structural  details  if  the  details  are  inadequately  designed.  A  fatigue  assessment, 
supported  when  appropriate  by  fatigue  analysis,  should  ensure  that  structural  members 
do  not  lead  to  catastrophic  failure.  Fatigue-critical  locations  have  been  identified  in  a 
survey  of  standard  structural  details  by  Jordan  et  al.  in  SSC-272  (3)  and  SSC  294  (4). 
Stambaugh  (5)  presents  fatigue-critical  locations  for  special  details  that  may  lead  to 
fracture.  The  fatigue  life  of  a  structural  detail  is  determined  by  the  number  of  cycles 
required  to  initiate  a  fatigue  crack  and  propagate  it  from  subcritical  to  critical  size. 
Description  of  the  fatigue  cracking  in  ships  has  been  documented  by  Jordan  (1)  and 
Stambaugh  (3).  One  example  of  a  side  shell  longitudinal  and  transverse  cutout 
connection  is  shown  in  Figure  2-1  (6).  This  example  is  one  of  many  that  illustrate  the 
complexity  of  fatigue  cracking  in  welded  ship  structural  details.  In  the  example,  lateral 
load  from  internal  cargo  and  wave  impact  produces  local  loads  on  the  side  shell 
longitudinals.  High  stress  concentrations  are  produced  at  the  toe  of  welds  in  attached 
stiffeners  and  tripping  brackets.  This,  combined  with  the  use  of  high  strength  steel, 

(HTS)  produces  higher  nominal  stresses  in  the  longitudinal  stiffener  (with  little 
corresponding  increase  on  fatigue  strength)  reduces  fatigue  life  to  five  or  ten  years  at 
best.  Fatigue  analysis  should  be  considered  for  these  locations  and  wherever  special  or 
new  details  are  introduced  in  the  ship’s  primary  structure. 

2.1  STRUCTURAL  LOADING  AND  STRESS 

Hull  loads  from  waves  and  other  sources  must  be  transformed  to  stress  distributions  in 
the  structural  detail.  Because  it  depends  on  the  type  of  ship  and  operational 
environment,  predicting  and  analyzing  fatigue  stresses  is  complex.  The  designer  must 
estimate  the  magnitude  of  the  stresses  and  determine  their  impact  on  fatigue  response. 

In  a  ship’s  steel  structure,  stress  cycles  are  generally  caused  by  the  seaway  and  by 
dynamic  effects  such  as  bottom  slamming  and  hull  girder  whipping.  Changes  in  cargo 
distribution  and  local  loads  induce  bending  moments.  Together,  all  of  these  loads 
produce  bending  stress  and  shear  stress  in  the  ship’s  hull  girder.  Local  stresses  caused 
by  changes  in  hydrostatic  pressure  and  local  loading  from  cargo  or  ballast  are  also 
superimposed  on  the  hull  girder  stress.  If  pertinent  to  a  particular  ship,  other  loading 
from  dynamic  effects,  stresses  from  thermal  differences  in  the  girder,  and  residual 
stresses  should  be  considered  in  the  fatigue  analysis. 

Global  loads  are  distributed  through  plates,  girders,  and  panel  stiffeners,  all  of  which  are 
connected  by  welded  structural  details  that  may  concentrate  stress. 
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A  LONGITUDINAL  STIFFENER  CRACKED 
B  FLAT  BAR  STIFFENER  CRACKED 
C  SHELL  PLATE  TO  WEB  WELD  CRACKED 
Cl  CRACK  EXTENDING  INTO  SHELL  PLATE 
D  WEB  FRAME  CRACKED 
E  BRACKET  CRACKED 
F  LUG  CRACKED  (TYPICAL  DETAIL) 


FLAT  BAR 
STIFFENER 


BRACKET 


WEB  FRAME 
PLATING 


SIDE  SHELL 


SIDE  SHELL 
LONGITUDINAL 


TYPICAL  SIDF  SHFLL  STRUCTURAL  DEFECTS 


Figure  2-1  Typical  example  of  fatigue  cracking  in  ship  structural  details 


2.2  PREDICTING  FATIGUE  RESPONSE 


Loading  and  resultant  stresses  are  complex  and  random  in  nature.  Therefore,  a 
probabilistic  approach  is  often  used  to  characterize  the  long-term  stress  response 
distribution.  The  distribution  is  first  developed  by  combining  probabilities  for  each  load 
and  corresponding  stress  state.  Then,  the  stress  response  transfer  function  is  predicted 
for  the  individual  load  cases;  and,  finally,  the  distribution  of  joint  probabilities  are 
combined  based  on  the  probability  of  occurrence  of  each  sea  state. 

Techniques  for  predicting  long-term  load  and  stress  distribution  and  their  development 
have  been  investigated  extensively  by  Munse  (1),  White  (7),  Wirsching  (8),  and  others 
but  with  little  agreement  as  to  the  type  of  distribution  that  accounts  for  random  load 
effects.  The  designer,  therefore,  must  choose  the  dominant  loads  and  combine  them  as 
they  are  expected  to  combine  during  the  ship’s  service  life.  The  long-term  stress 
distribution  is  used  in  the  cumulative  damage  analysis  along  with  the  S-N  data  applicable 
to  the  structural  detail  in  question. 

The  cumulative  damage  approach  is  a  method  used  to  predict  and  assess  fatigue  life. 

As  developed  by  Miner  (14),  this  approach  requires  knowledge  of  structural  loading  and 
the  structure’s  capacity  expressed  as  stress  range  and  number  of  cycles  to  failure. 
Developed  from  test  data  typically  illustrated  as  (S-N  curves),  this  method  is  based  on 
the  hypothesis  that  fatigue  damage  accumulates  linearly  and  that  damage  due  to  any 
given  cycle  is  independent  of  neighboring  cycles.  By  this  hypothesis,  the  total  fatigue  life 
under  a  variety  of  stress  ranges  is  the  weighted  sum  of  the  individual  lives  at  constant  S, 
as  given  by  the  S-N  curves,  with  each  being  weighted  according  to  the  fractional 
exposure  to  that  level  of  stress  range.  To  apply  this  hypothesis,  the  long-term 
distribution  of  stress  range  is  replaced  by  a  stress  histogram,  consisting  of  a  convenient 
number  of  constant  amplitude  stress  range  blocks,  S,  and  a  number  of  stress  cycles,  n^ 
The  constraint  against  fatigue  fracture  is  then  expressed  in  terms  of  a  nondimensional 


^  nL 


number  of  stress  blocks 
number  of  stress  cycles  in  stress  block  i 
number  of  cycles  of  failure  at  a  constant  stress  range.  S; 
limit  damage  ratio 

The  limit  damage  ratio  /jL  depends  on  maintainability,  that  is,  the  possibility  for  inspection 
and  repair,  and  the  fatigue  characteristics  of  the  particular  detail.  These  factors  also 
have  probabilistic  uncertainty  associated  with  them. 


damage  ratio,  rj. 
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Fatigue  design,  using  the  linear  cumulative  damage  approach,  ensures  the  safety  or 
performance  of  a  system  for  a  given  period  of  time  and/or  under  a  "specified"  loading 
condition.  But  the  absolute  safety  of  the  system  cannot  be  guaranteed  because  of  the 
number  of  uncertainties  involved.  In  structural  design,  these  uncertainties  can  be  due  to 
the  random  nature  of  loads,  simplifying  assumptions  in  the  strength  analysis,  material 
properties,  etc. 
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3.0  FATIGUE  DESIGN  STRATEGY 


A  fatigue  design  strategy  is  presented  to  facilitate  correlation  between  existing  fatigue 
data  and  welded  ship  structural  details.  The  fatigue  design  strategy  is  based  on  fatigue 
data  presented  by  Munse  (1)  and  re-analyzed  by  Stambaugh  and  Lawrence  (2)  for 
various  structural  geometries.  Fatigue  response  data  are  presented  to  use  with 
geometric  stress  concentration  factors  and  combined  loadings  typical  of  ship  structural 
details  as  developed  in  Appendix  A  and  B.  The  fatigue  design  strategy  is  based  on  the 
nominal  stress  approach  with  modifications  for  induced  stress  concentration  factors  (e.g., 
brackets,  toes  and  weld  terminations)  with  various  geometries.  After  having  separated 
the  global  geometric  stress  concentration  factors  from  the  welded  details,  it  is  possible  to 
select  weld  configurations  that  improve  fatigue  life  and  assess  the  impact  of  geometric 
stress  concentration  factors.  A  methodology  for  evaluating  the  effect  of  weld  parameters 
(e.g.,  geometry  and  residual  stress)  is  presented  in  Appendix  C. 

3.1  FATIGUE  DESIGN  STRESS 

Fatigue  design  stress  (<rf)  is  defined  as  the  stress  range  (double  amplitude)  in  the 
location  of  the  weld  in  the  absence  of  the  weld.  The  overall  geometry  of  the  weld  need 
not  be  considered  unless  there  are  discontinuities  from  overfill,  undercutting,  or  gross 
variations  in  the  weld  geometry.  The  relevant  stress  range  must  include  any  local 
bending  and  stress  concentrations  caused  by  the  geometry  of  the  detail  as  described 
next. 

For  bracketed  details,  combined  stress  from  various  load  sources  (shown  in  Figure  3-1) 
can  be  obtained  from  Finite  Element  Analysis  (FEA).  The  maximum  principal  stress  (9) 
should  be  used  for  combined  stress  fields.  For  deep  beams  and  girders,  bending  stress 
is  essentially  an  axial  stress  at  the  location  of  interest.  This  is  in  contrast  to  plate 
bending  and  associated  gradients  that  have  an  effect  on  the  fatigue  life.  Where  out  of 
plane  stresses  are  high,  the  maximum  principal  stress  may  occur  at  the  upper  weld  toe 
in  the  attachment.  Thus,  knowing  where  the  maximum  principal  stress  occurs  is 
important  and  can  be  identified  from  FEA. 

An  illustration  of  global  geometry  and  local  weld  toe  geometry  is  shown  in  Figure  3-1. 
Stress  associated  with  the  physical  geometry  in  structural  details  can  be  estimated  by 
FEA.  The  stress  gradients  are  very  steep  in  the  vicinity  of  the  weld  toe.  Because  of  the 
high  gradients,  the  maximum  stress  computed  or  measured  will  be  sensitive  to  the  mesh 
size.  Because  of  this  mesh  sensitivity  the  fatigue  design  stress  developed  using  FEA 
must  be  defined.  The  fatigue  design  stress  is  the  principal  stress  on  the  order  of  one 
plate  thicknesses  from  the  weld  toe  as  illustrated  in  Figure  3-2.  Parametric 
approximations  of  stress  concentration  factors  can  be  used  to  screen  details,  however, 
FEA  should  be  used  for  fatigue  critical  locations.  The  application  of  the  finite  element 
technique  to  ship  structural  details  is  described  by  Liu  and  Bakker  (10). 
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Figure  3-1  Definition  of  fatigue  design  stress  for  bracket  details 
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FATIGUE  DESIGN  STRESS 
Of  t  AWAY  FROM  WELD  TOE 


Figure  3-2  Estimating  fatigue  d 
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stress  from  FEA 


3.2  FATIGUE  NOTCH  FACTORS 


Fatigue  Notch  Factors  (Kf)  associated  with  basic  weld  details  provide  a  valuable  tool  in 
assessing  the  fatigue  life  of  welded  ship  structural  details  because  they  can  be  used  in 
quantitative  evaluations  and  comparisons.  Clearly,  this  is  beneficial  for  application  to 
various  geometries  of  welded  ship  structural  details.  Baseline  fatigue  notch  factors  are 
developed  that  represent  butt  welds  or  fillet  welds.  In  this  case  the  effect  of  the  local 
stress  concentration  at  the  weld  toe  is  included  in  K,.  Therefore,  the  fatigue  notch  factor 
includes  effects  associated  with  weld  geometry. 


3.2.1  Definition  of  Fatigue  Notch  Factors 

The  basic  weld  configurations  presented  in  Table  3-1  are  correlated  to  a  basic  ship 
structural  detail  design  curve  using  a  fatigue  notch  factor  Kf. 

The  fatigue  notch  factor  Kf  for  each  detail  was  estimated  from  the  University  of  Illinois 
Urbana-Champagne  (UIUC)  fatigue  data  bank  (2), (11)  information  in  the  following 
manner.  At  a  given  fatigue  life,  the  fatigue  notch  factor  Kf  is  defined  as: 


^  =  A Ssmooth  specimen 
ASweldment 


(2) 


The  ratio  of  mean  fatigue  strength  at  106  cycles  of  smooth  specimen  to  that  of  plain  plate 
is  1.43.  Therefore,  the  Kf  can  be  written  as: 


K  =  i  43  A Splain  plate 
A  Sweldment 


(3) 


Kf  =  1.43  ASP'ain  P'ate  at  106  cyclesand  for  R= 0  (4) 

hSweldment 


The  development  of  fatigue  notch  factors  is  presented  in  Appendix  B. 
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Table  3-1 

Basic  Weld  Configurations  and  Fatigue  Notch  Factors 


Table  3-1 

Basic  Weld  Configurations  and  Fatigue  Notch  Factors  (con’t.) 


i 
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Table  3-1 

Basic  Weld  Configurations  and  Fatigue  Notch  Factors  (con’t.) 


Table  3-1 

Basic  Weld  Configurations  and  Fatigue  Notch  Factors  (con’t.) 


3.2.2  Design  Curves 


The  mean  fatigue  strength  of  a  weldment  based  on  its  fatigue  notch  factor  and  the 
fatigue  strength  of  the  plan  plate  specimen  at  the  fatigue  life  in  question  can  be  written 
as: 


AS, 


AS. 


weld 


K 


fweld 


1-43  ASpp 

Kfweld 


(5) 


Assuming  that  the  scatter  in  fatigue  life  data  can  be  described  by  the  standard  deviation 
of  the  log  of  the  fatigue  strength  (SD),  the  design  stress  would  be: 

a Sdesign  =A Sweld  -  2-10SD  (6) 


where: 

SD  =  Log  standard  deviation  of  fatigue  strength  at  106  cycles 
Thus,  at  106  cycles 


AS 


design 


1-43  ASpp 

^ fweld 


-  2-10SD 


(7) 


This  relationship  is  illustrated  in  Figure  3-3. 

The  curves  are  assumed  to  be  parallel  consistent  with  recent  work  (2)  and  current 
practice  in  development  of  fatigue  design  curves  (12,  13)  for  welded  structural  details. 

The  approach  used  to  develop  the  Kf  curves  and  data  is  discussed  in  Appendix  A.  The 
welded  detail  ^description,  loading,  and  pictographs  are  presented  in  Table  3-1. 

The  basic  design  curves,  which  consist  of  linear  relationships  between  log  (ASR)  and  log 
(N),  are  based  on  a  statistical  analysis  of  experimental  data  as  described  by  Stambaugh 
(2).  Thus  the  basic  design  curves  are  of  the  form: 

log  (N)  =  log  C  -  m  •  log  (ASR) 
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Figure  3-3  Fatigue  design  curves  developed  from  K, 


or  in  terms  of  stress  range: 

ASr  =  (C/N)  1/m 

where: 

N  is  the  predicted  number  of  cycles  for  failure  under  stress  range  ASR 
C  is  a  constant  relating  to  the  mean  design  curve 
m  is  the  inverse  slope  of  the  design  curve 

The  fatigue  design  curve  shown  in  Figure  3-4  includes  the  mean  minus  two  standard 
deviation  adjustment.  The  relevant  statistics  are: 

logC  =  4.38 

m  =  3 

SD  =  .0696  at  N  106  cycles 

The  slope  of  the  design  curve  is  bi-linear  to  account  for  the  constant  amplitude  fatigue 
limit.  This  limit  begins  at  5»106  cycles.  When  all  nominal  stress  ranges  are  less  than  the 
constant  amplitude  fatigue  limit  for  the  particular  detail,  no  fatigue  assessment  is 
required. 

The  design  curve  has  a  cut  off  limit  at  108  cycles.  This  limit  is  calculated  by  assuming  a 
slope  corresponding  to  m=5  below  the  constant  amplitude  fatigue  limit.  All  stress  cycles 
in  the  design  spectrum  below  the  cut  off  limit  may  be  ignored  when  the  structure  is 
adequately  protected  against  corrosion. 

Other  than  as  described  above,  no  qualitative  adjustments  are  included  in  this  data  set. 
Adjustments  required  to  account  for  other  factors  influencing  fatigue  response  are  left  to 
the  designer,  who  should  find  the  research  described  in  the  following  sections  helpful. 

3.3  ADJUSTMENTS  TO  FATIGUE  LIFE  DATA 

3.3.1  Mean  Stress 

The  correction  for  mean  stress  ratios  other  than  R=0  is  based  on  work  by  Lawrence 
(13),  who  propose  an  equation  to  calculate  the  mean  fatigue  strength  of  weldments  at 
long  lives. 


AS R=0 


1  +(2N)b 


1  +llH(2N)b 

1  -R 


(8) 
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Figure  3-4  Ship  detail  fatigue  stress  design  curve 


This  equation  is  used  to  predict  the  mean  fatigue  strength  at  any  R  value  at  106  cycles 
from  the  R=0  fatigue  strength  at  106  cycles.  Fatigue  strength  exponent  b  is  estimated 
by: 


b  =  -l  log2  (1  +  -  50 
6  1.5  S, 


) 


(9) 


where  Su  is  the  ultimate  strength  of  base  metal.  The  derivation  of  this  correction  is 
presented  by  Stambaugh  and  Lawrence  (2)  along  with  its  validation  using  the  UIUC 
fatigue  data  bank. 

3.3.2  Corrosion 

Salt  water  can  seriously  affect  the  fatigue  life  of  structural  details.  The  data  available 
(15),  (16),  (17)  indicate  that  corrosion  decreases  fatigue  life  where  details  are  uncoated 
or  do  not  have  cathodic  protection.  When  no  consistent  protection  is  provided,  evidence 
suggests  that  fatigue  life  should  be  reduced  by  a  factor  of  two  for  all  categories. 
Corrosion  also  affects  fatigue  limit,  which  becomes  non-existent  when  corrosion  is 
present.  As  noted  by  UK  DOE  (18),  the  design  curve  must  be  continued  without  a 
change  in  slope. 

3.3.3  Thickness 

At  present,  most  agree  that  for  geometrically  similar  welds  larger  weldments  will  sustain 
shorter  fatigue  lives.  Theoretical  (19)  and  experimental  (20)  evidence  confirm  the 
existence  of  a  size  effect,  but  there  is  much  scatter  in  the  data.  Thus,  the  magnitude  of 
the  thickness  effect  remains  in  question.  Lawrence  (11),  Gurney  (21),  and  Smith  (22) 
recommend  the  following  relationship: 


(10) 


where 


t2  is  taken  to  be  25mm  (1  inch) 
t,  is  the  thickness  of  plate  (mm) 

St  is  the  design  stress  at  the  thickness  in  question 
S2  is  the  design  stress  for  the  referenced  thickness 
m  is  1/4  as  recommended  by  Lawrence  (11)  for  the  S-N  curves  given 
by  Stambaugh  and  Lawrence  (2). 
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The  25mm  reference  thickness  cited  is  greater  than  most  structural  details  constructed  of 
steel  plate  and  shapes.  Therefore,  the  correction  need  not  be  applied  unless  the  base 
plate  thickness  is  greater  than  25mm. 

3.3.4  Fabrication 

The  fabrication  process  is  a  very  important  factor  in  the  fatigue  life  of  welded  structural 
details.  Data  used  to  develop  the  fatigue  design  strategy  assume  that  weld  quality  is 
free  of  critical  defects  and  meets  the  requirements  of  regulatory  and  classification 
societies.  Joint  misalignment  has  a  significant  effect  on  fatigue  life  (23), (24).  Weld 
profile  changes  by  grinding  and  peening  affect  fatigue  response  as  noted  in  the  UK  DOE 
(18)  design  code.  Residual  stress  is  a  very  important  factor  especially  in  weld 
termination.  Control  of  weld  geometry  and  residual  stress  are  effective  means  of 
increasing  fatigue  life.  The  analytical  expressions  presented  in  Appendix  C  can  be  used 
to  assess  the  impact  of  weld  parameter  control  on  fatigue  response.  Although  weld 
parameter  control  is  often  considered  expensive,  it  is  worth  considering  in  special  cases. 
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4.0  IMPROVED  DETAILS  RELATIVE  TO  FATIGUE 


Ship  structural  detail  design  depends  on  many  factors  that  are  unique  to  the  specific 
application.  Ship  type,  size,  loading,  detail  location  and  many  other  variables 
influence  their  design.  However,  basic  parameters  can  guide  detail  designers  in 
selection  and  application  of  structural  details.  These  parameters  include  weld 
configuration,  detail  geometry  and  nominal  stress.  An  understanding  of  these 
parameters  and  their  relationship  will  aid  in  selecting,  evaluating  and  finalizing  detail 
design  as  described  next. 

4.1  DESIGN  OBJECTIVE 

The  approach  based  on  Kf  can  be  used  by  designers  to  improve  fatigue  life  of  welded 
ship  structural  details.  Separating  geometric  effects  (Kscf)  from  the  fatigue  notch 
factor  (Kf)  enables  ship  structural  designers  to  control  variables  that  influenced  fatigue 
response.  The  designer  can  determine  which  parameters  he  must  control  within  his 
design  constraints  (cost  and  construction  capability)  when  the  primary  objective  is  a 
constant  fatigue  life  for  a  specific  detail.  To  illustrate  this  point,  the  fatigue  life  (N) 
based  on  Kf  and  Kscf  can  be  expressed  as: 

N  =  f  (<rf,Kf) 

where;  a f  =  an  for  simple  geometries  and 

crf  =  crn  *  Kscf  for  more  complex  geometries  (e.g.  brackets) 


here;  an  is  the  nominal  stress  and 

af  is  the  fatigue  design  stress  one  plate  thickness  from  the  weld  toe. 

Assuming  the  designer  is  working  to  a  constant  fatigue  life,  the  important  parameters 
become  Kf,  Kscf,  and  an.  As  a  practical  matter,  it  is  very  difficult  to  design  ship 
structures  using  Kscf  because  it  varies  depending  on  application  and  FEA  is  required 
to  determine  the  fatigue  design  stress  <rf  for  fatigue  critical  locations.  All  too  often 
detail  designers  are  expected  to  provide  a  detail  (Kscf)  that  will  improve  fatigue  life; 
however,  Kscf  alone  is  insufficient  and  re-evaluation  of  the  nominal  stress  an  is 
required  in  many  instances.  Nominal  stress  has  a  significant  influence  on  fatigue  life. 
Detail  designers  must  assess  the  trade-off  between  these  parameters  because  the 
selection  of  details  depends  on  the  specific  application.  The  reliability  approach 
developed  by  Munse  (1)  and  Kf  presented  in  Table  4-1  provide  guidance  in  making 
this  assessment  when  combined  to  illustrate  the  trade-off  between  Kf  and  Kscf.  The 
following  can  be  inferred  by  inspection  of  the  information  provided  in  Figure  4-1. 
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Table  4-1 


Fatigue  Notch  Factors  for 
Panel  Stiffener  Connections 


Comments 


Connection  has  high  stress 
concentration  factor  and  is 
suitable  for  low  nominal 
stress  applications.  Kscf  of 
3.3  or  greater. 


Connection  increases  area 
and  reduces  stress  concen¬ 
tration  slightly.  Kscf  of  2.8. 


Connection  area  and  bracket 
reduce  stress  at  bracket  toe. 
Kscf  of  2.7.  Fatigue  critical 
location  depends  on  effective 
shear  connection  to 
longitudinal. 


Kscf  of  2.3.  Fatigue  critical 
location  depends  on  effective 
shear  connection  to 
longitudinal. 


Table  4-1 
(Cont.) 

Fatigue  Notch  Factors  for 
Panel  Stiffener  Connections 


Comments 


Straight  brackets  reduce 
overall  stress  in  connection. 
However,  Kscf  of  2.7  is  high. 


Double  radius  bracket  is 
required  when  using  HTS. 
See  discussion  in  report.  Kscf 
of  2.0. 


Shear  connection  between 
longitudinal  and  transverse 
must  be  evaluated  for 
specific  cutout. 


Out  of  plane  bending  on  fillet 
welded  attachment  increases 
K,  significantly.  Kscf  and  an 
should  be  evaluated  carefully. 


Table  4-1 
(Cont.) 

Fatigue  Notch  Factors  for 
Panel  Stiffener  Connections 
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Table  4-1 


Ship  Detail 


Kf 

Comments 

2.91 

Lap  brackets  generally  have 
higher  out  of  plane  induced 
loading.  Snipe  flange  to 
reduce  Kscf  at  flange  end. 

2.91 

Radius  bracket  reduces  Kscf. 
See  Figure  (4-6)  for  details. 

3.0 

Flanged  brackets  have  higher 
Kscf  than  plain  but  are  more 
susceptible  to  buckling  if  not 
designed  correctly. 

3.0 

Radius  reduces  Kscf.  Shape 
flange  5:1  slope  to  reduce 

Kscf.  See  Figure  (4-6)  for 
details. 
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Table  4-1 


Fatigue  Notch  Factors  for 
Deep  Bracket 


Ship  Detail 

Kf 

Comments 

< 

< 

-fs- 

ZZ_ A_ A 

3.0 

Stiffener  at  end  of  bracket 
introduces  high  Kscf.  Use 

FEA  for  high  stress 
applications. 

3.0 

Most  economical  means  of 
reducing  Ksct.  See  Figure  4-3 
for  recommended  propor¬ 
tions.  Use  FEA  for  high 
stress  applications. 

< 

< 

— /Lc_ 

3.0 

Slight  increase  in  Kscf.  Use 

FEA  for  high  stress 
applications. 

V  T— - 

< 

3.0 

Best  configuration  to  reduce 

Kscf  at  bracket  toe.  Also 
reduces  stress  from  out  of 
plane  bending  at  toe.  Exact 
geometry  should  be 
determined  using  FEA. 

V  r- - 

4- 
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Table  4-1 


Fatigue  Notch  Factors  for 
Flange  Transitions 


K, 

Comments 

2.58 

Tapered  flange  slope  must 
be  >5:1.  Difference  in 
flange  widths  should  be 
evaluated  carefully. 

2.04 

Weld  quality  is  important  to 
maintain  low  K,. 

Table  4-1 


Fatigue  Notch  Factors  for 
Tripping  Brackets 


Kf 

Comments 

3.0 

Straight  bracket  has  high  Kscf. 
Kscf  =  2.7.  Effective  shear 
connection  between 
longitudinal  and  transverse  is 
very  important. 

3.0 

This  configuration  reduces 

Kscf  at  bracket  toe;  however, 
heel  has  high  Kscf. 

3.0 

Heel  bracket  reduces  Kscf 
slightly. 

3.0 

Kscf  =  2.0. 
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Table  4-1 

Fatigue  Notch  Factors  for 
Tee  Cutouts 


Ship  Detail 


Kf 

Comments 

1  -  1.7 

2  -  3.0 

No  effective  shear  connection 
is  provided  on  the  open 
cutout.  This  increases  <rf  at 
point  1  and  2.  Should  be 
considered  for  low  stress 
applications. 

1-1.7 

2  -  2.62 

It  is  important  that  the  lug 
connection  be  designed  to 
transfer  shear  without 
increasing  af  at  point  2. 

3  -  3.44 

1  -  1.7 

2  -  3.44 

Most  effective  method  of 
transferring  shear  to  the 
transverse  structure.  This 
reduces  af  at  point  1. 

1  -  1.7 

2  -  3.44 

Note  increase  in  attachment 
length  at  web  reduces  Kscf  at 
point  2  and  shear  stress 
across  the  attachment. 
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Table  4-1 

Fatigue  Notch  Factors  for 
Angle  Cutouts 


Kf 

Comments 

Kscf  (Ref.  23) 

1  -  1.7 

1  -  2.19 

■ 

CM 

2-4.5 

Kscf  (Ref.  23) 

1  -  1.7 

1  -  4.4 

2  -  1.7 

2  -  3.3 

3  -  3.0 

3-4.9 

Kscf  (Ref.  23) 

1  -  1.7 

1  -  3.7 

2  -  1.7 

2-2.8 

3  -  3.0 

3  -  4.1 

1-1.7 

KsCf  (Ref.  23) 

2  -  1.7 

1  -  3.5 

3  -  3.0 

2  -  2.4 

4  -  2.62 

3-4.0 

Ship  Detail 
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Table  4-1 


Fatigue  Notch  Factors  for 
Bulb  Plate  Cutouts 


Kf 


1.7 


1  -  1.7 


2  -  3.44 


1  -  1.7 

2  -  3.44 

3  -  2.62 


Comments 


Small  radius  increases  Ksc{. 
Note  lack  of  shear  transfer  to 
transverse.  Use  in  low  stress 
applications. 


Geometry  must  be  evaluated 
carefully  to  reduce  Kscf. 


Effective  shear  connection  is 
important  in  reducing  nominal 
stress  at  point  3. 


2.93 


Weld  wrap  and  quality  of 
weld  are  important  in  tight 
connection. 


Table  4-1 


Fatigue  Notch  Factors  for 
Deck  and  Side  Penetrations 
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Table  4-1 


Fatigue  Notch  Factors  for 
Miscellaneous  Cutouts 


Comments 


Size  and  number  of  cutouts 
are  important  relative  to 
adjacent  structure  and  can 
increase  af  at  critical  location. 
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Kscf  *  Kf  <  4  for  High  Strength  Steel  {an  =  .3 ay  HS) 

Kscf  *  Kf  <  8  for  Ordinary  Strength  Steel  ( crn  =  .3 ay  OS) 

While  these  are  approximate  relationships,  they  are  useful  in  comparing  details  and 
evaluating  the  trade-off  between  Kscf,  Kf,  and  o-n.  Final  determination  of  o>  should  be 
based  on  FEA  and  Kf  presented  in  Table  3-1. 

4.1.1  Reducing  Fatigue  Notch  Factors  (Kf) 

Improvements  in  Kf  result  from  changes  in  weld  type,  weld  geometry,  residual  stress 
or  mechanical  profiling.  The  effects  of  these  parameters  can  be  significant  and  used 
as  a  technique  to  improve  fatigue  life.  Weld  profiling  by  grinding  and  peening 
improves  Kf  and  extends  fatigue  life.  These  techniques  are  generally  used  selectively 
because  of  there  associated  increase  in  fabrication  cost.  Analytical  expressions 
involving  these  parameters  and  effects  on  Kf  are  discussed  in  greater  detail  in 
Appendix  C.  Typical  values  of  Kf  are  presented  in  Table  4-1  for  ship  structural  details 
based  on  inspection  of  the  details  and  application  of  Kf  values  from  Table  3-1. 

4.1.2  Reducing  Stress  Concentration  Factors  IK„A 

Stress  Concentration  Factors  (Kscf)  have  an  infinite  number  of  variations.  The 
designer  can  select  from  a  number  of  geometries  each  of  them  having  a  significant 
effect  on  the  fatigue  design  stress  av  Table  4-1  presents  typical  values  of  Kscf  to 
illustrate  the  trade-off  between  Kf  and  Kscf.  The  K,,  Kscf  curves  shown  in  Figure  4-1 
can  be  used  to  screen  details  and  aid  the  detail  designer.  Final  selection  of  the  detail 
should  be  based  on  FEA  to  determine  <rf. 

4.1.3  Reducing  Nominal  Stress 

Reducing  nominal  stress  in  ship  structural  details  is  an  effective  way  to  reduce  fatigue 
design  stress  (<rf)  and  improve  fatigue  life. 

For  example,  an  increase  in  frame  section  modulus  will  reduce  the  stress  in  the  detail 
and  weld  toe,  assuming  constant  load  (which  might  be  typical  in  using  design  rules). 
Similarly,  reduction  in  stiffener  or  frame  span  and  spacing  will  reduce  nominal  stress. 
The  nominal  stress  in  the  structure  has  a  significant  influence  on  the  fatigue  design 
stress  ( a{ )  and  fatigue  response.  Therefore,  fatigue  evaluations  should  be  conducted 
early  in  the  ship  design  because  structural  detail  geometry  produces  stress 
concentrations  that  cannot  compensate  for  detrimental  effects  of  high  nominal  stress. 

Another  example  is  shown  in  Figure  4-2  for  the  symmetry  of  the  flange  on 
longitudinales.  The  flange  symmetry  has  significant  influence  on  fatigue  strength.  It 
was  reported  that  a  second  generation  VLCC  experienced  fatigue  cracks  in 
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FLAT  BAR  LAPPED  ON 
ANGLE,  CUT  CHANNEL  OR 
BULB  ANGLE 


FLAT  BAR  LAPPED  ON 
BUILT  UP  ANGLE 


FLAT  BAR  BUTT  TO 
TEE 


TYPICAL  WEB  FRAME  PANEL 
STIFFENER  CONNECTION  TO  SIDE 
LONGITUDINAL 


Figure  4-2  Frame  flange  symmetry 
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asymmetric  flanges  after  three  to  four  years  (27).  There  were  no  fatigue  cracks 
found  in  a  similar  ship  with  symmetric  flanges.  An  investigation  found  that  the 
maximum  stress  in  the  asymmetric  configuration  is  nearly  70  percent  higher  than  in 
symmetric  flanges.  Therefore,  use  of  symmetric  Tee  sections  reduces  a  component 
of  nominal  stress  and  improves  fatigue  life. 

4.2  RECOMMENDED  PROPORTIONS 

Numerous  examples  are  provided  in  Table  4-1  showing  the  trade-off  between  Kscf  and 
Kf  for  panel  stiffeners,  tripping  bracket  connections,  frame  cutouts  and  for  shell 
cutouts.  Structural  detail  proportions  are  very  important  in  lowering  Kscf  and  K,. 
Recommended  proportions  are  shown  in  Figures  4-3  through  4-7  based  on  the 
analysis  presented  in  Appendix  A. 

Recommended  panel  stiffener  ends  proportions  are  presented  in  Figure  4-3.  Both 
toe  and  heel  brackets  are  required  to  achieve  a  Kscf  of  less  than  2.0. 

Recommended  deep  brackets  proportions  used  in  double  hull  tankers  are  shown  in 
Figure  4-4.  The  extended  bracket  toe  radius  reduces  out  of  plane  stress  at  the  weld 

toe. 

Recommended  hatch  corners  and  side  shell  cutouts  proportions  are  shown  in  Figure 
4-5.  The  exact  proportions  of  these  details  depend  on  the  specific  application 
(25), (26). 

Recommended  bulb  plate  stiffener  cutout  proportions  are  shown  in  Figure  4-6.  There 
are  a  large  number  of  variations  in  cutout  geometries  and  Table  4-1  shows  Kscf  for 
various  angle  cutouts  based  on  data  for  standard  structural  arrangements  (24). 
Additional  proportions  for  cutouts  are  provided  in  SSC-266  (26).  Generally,  small 
radius  corners  should  be  avoided.  Effective  shear  connections  are  extremely 
important  in  reducing  Kscf  in  cutouts. 

Recommended  beam  bracket  proportions  are  shown  in  Figure  4-7.  A  common 
feature  seen  in  the  figures  described  above  includes  5:1  slope  on  shaped  flanges  to 
reduce  Kscf.  Generally,  plain  brackets  have  lower  Kscf  than  flanged  brackets;  however, 
plain  brackets  are  more  susceptible  to  buckling.  Straight  brackets  are  shown 
because  they  are  more  common  than  radiused  brackets.  Radiused  brackets  have 
much  lower  Kscf  than  straight  brackets  and  are  worth  considering  for  plain  brackets 
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Figure  4-3  Recommended  proportions  for  panel  stiffener  connections 
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Figure  4-4  Recommended  proportions  for  deep  bracket 


Figure  4-5  Recommended  proportions  for  hatch  corners 
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kscf  varries  depending  on 

DEPTH  OF  BRACKET  AND 
SUPPORTING  MEMBERS.  FLANGED 
BRACKETS  HAVE  HIGHER  KSCF 
THAN  UNFLANGED. 


BEAM  BRACKETS 


Figure  4-7  Recommended  proportions  for  beam  brackets 
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not  requiring  rolled  flanges.  Proportions  for  panel  stiffener  connections  and  deep 
bracket  may  be  used  for  radiused  brackets.  Recommended  proportions  for  bracket 
thickness,  leg  length  and  flange  size  is  presented  by  Glasfeld  (26)  and  the  Tanker 
Forum  (28). 

It  is  extremely  important  to  use  good  fabrication  practices  described  by  Jordan  (25) 
when  using  the  fatigue  design  strategy  and  recommended  proportions  presented  in 
this  report.  The  depth  of  bracket  ends  (t<1.5)  is  extremely  important  in  maintaining  a 
K,  of  3.0. 

Clearly,  there  are  various  improvements  that  reduce  Kscf.  The  final  selection  of 
details  and  determination  of  <rf  must  be  verified  by  the  designer  using  FEA  for  specific 
applications.  The  cost  trade  off  must  be  assessed  by  the  designer  based  on  savings 
of  material,  labor,  and  shipyard  resources.  A  guide  for  estimating  the  cost  of 
structural  details  is  provided  by  Jordan  in  SSC-331  (29). 

4.3  APPLICATION  OF  HIGH  STRENGTH  STEEL 

The  application  of  High  Strength  Steel  (HTS)  in  ships  must  be  approached  carefully. 
Although  the  yield  strength  of  HTS  is  greater,  the  fatigue  strength  of  welded  structural 
details  is  approximately  the  same  as  ordinary  strength  steel.  When  scantlings  and 
resulting  section  modulus  are  reduced  the  nominal  stress  increases.  This  translates 
to  an  increase  in  nominal  stress  at  the  connecting  details.  This  must  be 
compensated  by  using  details  with  reduced  Kscf.  For  example,  in  sizing  side  shell 
longitudinal  stiffeners  of  AH-36,  the  section  modulus  can  be  reduced  to  72%  of 
ordinary  strength  steel  based  on  the  high  strength  steel  factor,  Q=.72,  by  ABS  (28). 
This  produces  a  40%  increase  in  stress  at  the  detail  (assuming  constant  load).  The 
geometric  Kscf  must  reduce  the  stress  by  40%  to  maintain  constant  fatigue  life.  By 
inspecting  the  trends  in  Kscf  shown  in  Table  4-1,  the  double  radius  bracket  is  the  only 
detail  that  produces  more  than  40%  reduction  in  Kscf  over  straight  panel  stiffeners. 
The  designer  may  also  choose  a  smaller  increase  in  nominal  stress  (say  20%)  and 
compensate  with  a  detail  that  reduces  the  Kscf  by  20%.  This  trade-off  depends  on 
cost  for  the  specific  application.  Figure  4-1  illustrates  the  trade-off  between  Kf  and 
Kscf  for  ordinary  and  high  strength  steel.  If  and  Kscf  are  to  the  left  of  the  respective 
material  curve,  the  detail  is  satisfactory  for  the  nominal  stress  indicated.  If  not,  the 
nominal  stress  should  be  re-evaluated  or  detail  Kf  or  Kscf  changed. 
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5.0  CONCLUSIONS  AND  RECOMMENDATIONS 


1.  Recent  advances  in  computer  technology  and  development  of  pre¬ 
processors  for  finite  element  programs  allows  designers  to  analyze  the 
stresses  in  ship  structural  details  quickly.  Variations  can  be  evaluated 
and  parametric  analysis  of  detail  configurations  can  be  performed  to 
guide  the  designer  in  assessing  fatigue  critical  details.  However,  similar 
techniques  are  required  to  guide  the  designer  in  developing  load 
histories  quickly.  The  reliability  approach  developed  by  Munse  (1)  can 
be  applied  easily;  however,  its  application  has  not  been  verified  and 
calibrated  for  general  use.  Further  development  of  this  type  of 
approach,  combined  with  the  fatigue  design  strategy  presented  here,  will 
expedite  detail  design  and  fatigue  analysis  of  more  details  requiring 
attention  by  designers. 

2.  The  fatigue  design  strategy  presented  here  should  be  used  to  re¬ 
evaluate  stiffened  panel  design  criteria  in  light  of  the  fatigue  notch 
factors  and  stress  concentration  factors  for  typical  welded  structural 
details.  This  evaluation  should  include  the  effects  of  high  strength  steel 
and  non-linear  effects  of  torsion  in  panel  stiffeners. 

3.  The  approach  used  to  predict  effects  of  weld  parameters  for  weld 
terminations  has  been  developed  using  existing  data  for  attachments; 
however,  the  technique  should  be  verified  for  combined  loading  and 
sheer  loading  typical  of  terminations  found  in  welded  ship  structural 
details.  This  effort  should  include  both  testing  and  analytical  evaluations 
(using  FEA)  of  the  test  specimens.  Three  dimensional  effects  at  the 
weld  should  be  evaluated  both  experimentally  and  analytically. 
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Analysis  of  Ship  Structural  Details 
Used  In  Case  Studies 
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A.1  CASE  STUDY  INTRODUCTION 


The  case  studies  presented  below  are  used  to  illustrate  the  complex  loading  on  ship 
structure  details.  Linear  Finite  Element  Analysis  (FEA)  was  used  to  determine  the 
fatigue  design  stress  ( crf )  and  resulting  stress  concentration  factors  (Kscf).  The 
principal  stress  is  used  to  characterize  the  stress  and  estimate  stress  concentration 
factors  as  described  in  this  report.  The  stresses  and  details  shown  are  application 
dependent  and  are  used  as  a  guide  to  develop  the  fatigue  design  strategy. 

The  following  case  studies  are  used  to  evaluate  stress  concentration  factors. 

1)  Double  hull  tanker  frame  cutout  for  a  longitudinal  and  a  deep  bracket  in  a 
transverse  frame. 

2)  Roll  on-Roll  off  (Ro/Ro)  ship  side  port. 

3)  Double  hull  barge  transverse  floor  cutout  for  a  longitudinal. 

4)  Small  Water  Plane  Twin  Hull  (SWATH)  beam  bracket  in  the  haunch  area. 


A.2  CASE  STUDY  ANALYSIS 

The  first  case  study  includes  two  details  in  a  double  hull  tanker  shown  in  Figures  A-1 
and  A-2.  The  midship  section  of  the  double  hull  tanker  is  shown  in  Figure  A-3.  This 
is  representative  of  a  mid  size  tanker  (A-1).  Hull  loading  for  the  double  hull  tanker 
case  study  is  developed  following  the  ABS  Guide  For  Fatigue  Assessment  of  Tankers 
(A-2).  The  structural  loading  developed  using  this  guide  is  calibrated  to  a  long  term 
stress  distribution  parameter.  Hydrodynamic  loading  for  similar  sized  tankers 
predicted  by  Bea,  et  al.  (A-3)  and  Franklin  (A-4)  compares  favorably  with  the 
pressure  developed  using  ABS  guidelines.  The  frame  cutout  and  deep  knee  bracket 
are  of  interest  because  they  experience  fatigue  failure  (A-5).  ABS  guide  recommends 
fatigue  analysis  for  both  details  (A-2).  Typical  frame  cutout  loading  is  shown  in 
Figure  A-4.  Detail  geometry  and  FEA  models  of  the  hull  sections  frame  cutout  and  a 
deep  knee  bracket  are  shown  in  Figures  (A-5)  through  (A-9).  Stress  concentration 
factors  are  shown  in  Tables  (A-1  and  A-2)  for  panel  stiffeners  and  deep  brackets. 

The  Ro/Ro  ship  side  port  case  study  is  of  a  detail  common  to  Sealift  ships  being  built 
in  the  United  States  (A-6).  The  Ro/Ro  ship  and  side  port  are  shown  in  Figures  A-10 
and  A-11.  The  basic  FEA  model  is  shown  in  Figure  A-12.  Stress  concentration 
factors  are  shown  in  Table  A-3  for  side  cutouts. 

The  double  hull  barge  case  study  is  a  cut  out  in  the  double  bottom  floor.  Loading 
and  response  data  are  presented  by  Fricke  (A-7).  The  midship  section  and  detail  are 
shown  in  Figures  A-1 3  and  A-14.  Stress  in  this  cutout  is  shown  in  A-14. 
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The  SWATH  case  study  is  a  beam  bracket  in  the  haunch  area  of  the  strut.  Loading 
data  will  be  based  on  the  data  published  by  Sikora  (A-8).  Improved  detail  will  be 
based  on  the  investigators  knowledge  of  this  type  of  detail  in  SWATH  ships.  The 
SWATH  ship,  midship  section  and  beam  bracket  are  shown  in  Figures  A-15,  A-16, 
and  A-17.  The  basic  FEA  model  is  shown  in  Figure  A-18.  Stress  concentraction 
factors  are  shown  in  Table  A-4  for  typical  beam  brackets. 

It  is  interesting  to  note  that  the  chocked  beam  bracket  has  the  lowest  Kscf  (1.57). 

This  must  be  compared  to  the  K,  to  fully  understand  evaluate  its  application.  The  K, 
for  the  weld  between  the  bracket  flange  and  beam  flange  is  very  important.  The  weld 
is  loaded  axially.  K,  for  an  axially  loaded  fillet  weld  is  5.5  and  Kf  for  an  axially  loaded 
groove  weld  is  2.63.  Using  the  guidance  provided  in  Section  4.1: 

Groove  weld  K,  *  Kscf  =  1.57  *  2.63  =  4.1 

Fillet  weld  K,  *  Kscf  =  1.57  *  5.53  =  8.63 

Clearly,  the  fillet  weld  has  a  high  combined  K,  and  Kscf  at  an  =  .3oy.  For  a  plain  beam 
bracket: 

Fillet  weld  K,  *  Kscf  =  3.0  *  2.25  =  6.75 

The  plane  bracket  has  a  higher  combined  K,  and  Kscf  than  a  groove  welded  flange 
bracket,  but  better  than  a  fillet  welded  bracket  for  this  application. 
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Figure  A-1  Double  hull  tanker 
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TANK  5 


TANK  4 
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DWT 

150,000  t 
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250  m 
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DEPTH 

20  m 

CONSTRUCTION 

DOUBLE  HULL 

Figure  A-2  Double  hull  tanker  characteristics 
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Figure  A-3  Double  hull  tanker  midship  section 
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Figure  A-4  Loading  on  side  shell  frame  cutout 
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Figure  A-6  Detail  geometry  of  panel  stiffener 
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of  panel  stiffener 


Table  A-1  Stress  Concentration  Factors  for  Panel  Stiffeners 


Figure  A-8  Detail  geometry  for  deep  bracket 


Table  A-2  Stress  Concentration  Factors  of  Deep  Bracket 


Figure  A-10  Ro/Ro  side  port  cutout 
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ELLIPTICAL  CORNER 


Figure  A-1 1  Ro/Ro  side  port  cutout  detail 
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Table  A-3  Stress  Concentration  Factors  for  Side  Port  Cutout 
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Figure  A-13  Double  hull  barge  midship  section 


Figure  A-14  Detail  geometry  for  bulb  plate  cutout 


A-19 


Table  A-4 

Stress  Concentration  Factors  for  Bulb  Plate  Cutout 
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Figure  A-17  Detailed  geometry  for  SWATH  ship  beam  bracket 


Table  A-4  Stress  Concentration  Factors  for  Beam  Brackets 
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Development  of  Fatigue  Notch  Factors 
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B.O  FATIGUE  NOTCH  FACTORS 


B.1  DETAIL 

Ship  structural  details  vary  in  geometry  and  loading  making  it  difficult  to  correlate 
them  to  existing  data  developed  for  structural  details  in  published  literature.  In  order 
to  correlate  the  ship  structural  details  geometries  with  test  data,  it  is  necessary  to 
define  basic  weld  configurations  that  are,  to  the  extent  practical,  independent  of  detail 
geometry.  The  basic  weld  configurations  associated  with  ship  structural  details  can 
be  defined  as: 

1)  Weld  ripple  of  longitudinally  loaded  groove  or  fillet  welds, 

2)  Weld  toes  of  transversely  loaded  groove  welds, 

3)  Weld  toes  of  transversely  loaded  non-local  carrying  fillet  welds, 

4)  Weld  toes  of  transversely  loaded  load  carrying  fillet  welds  and, 

5)  Weld  toes  of  fillet  weld  terminations. 

Each  of  these  five  basic  weld  configurations  and  associated  failure  location  is 
correlated  to  an  equivalent  detail  from  the  fatigue  data  presented  in  Tables  B-1  and 
B-2  from  SSC-318  (B-l)  and  SSC-369  (B-2).  The  Kf  values  for  each  detail  are  also 
shown  in  Table  B-1  and  summarized  in  Table  3-1  for  the  basic  weld  configurations. 

The  definition  of  stress  and  K,  associated  with  the  basic  weld  configurations  is  the 
nominal  stress  range  as  documented  in  Section  3.0  of  this  report.  However,  stress 
and  associated  weld  termination  common  in  ship  details  (shown  in  Table  4-1) 
requires  re-evaluation  to  be  generic  in  application.  The  weld  termination  associated 
with  the  straight  attachment  of  detail  30  shown  in  Table  B-2  is  used  to  establish  Kf  of 
3.6  at  one  plate  thickness  from  the  weld  toe.  FEA  from  the  University  of  California 
Berkeley  (B-3)  presents  Kf  at  various  distances  from  the  weld  toe  for  a  pair  of  similar 
attachment  details  as  shown  in  Figures  B-1  and  B-2.  A  stress  concentration  factor 
can  be  inferred  at  one  plate  thickness  from  the  weld  toe.  With  this  information,  it  is 
possible  to  estimate  Kf  of  3.0.  This  is  independent  of  attachment  geometry.  Because 
this  new  Kf  is  independent  of  attachment  geometry,  it  can  be  used  with  stress 
concentration  factors  associated  with  other  detail  geometries.  This  assumes  that  the 
designer  has  knowledge  of  the  state  of  stress  at  one  plate  thickness  from  the  weld 
toe.  This  must  be  obtained  from  FEA  of  the  detail  or  from  the  nominal  stress  and  an 
associated  Kscf  as  described  earlier  in  this  report. 
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Table  B-1 

Fatigue  Strength  of  Welded  Details 
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Table  B-1 


Fatigue  Strength  of  Welded  Details  (con’t.) 
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Plain  plate, 
machined  edges, 
Axial 


Rolled  I-Beam, 
Bending 


Double  shear  bolted 
lap  joint, 

Axial 


Plain  plate  flame- 
cut  edges,  Axial 


Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 


DETAIL 

NUMBER 


DESCRIPTION, 

LOADING 


Longitudinally 
welded  plate,  as- 
welded,  Axial 


Longitudinally 
welded  plate,  weld 
ground,  Axial 


Transverse  butt 
10(G)  joint,  weld  ground, 
Axial 


Transverse  butt 
10A  joint,  as  welded, 
In-plane  bending 


Key  to  symbols  is  presented  on  Page  B-16 


Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 

DETAIL 

NUMBER 

DESCRIPTION, 

LOADING 

25  A 

Lateral  attachment 
to  plate,  Axial 

B 

13 

Flange  splice 
(unequal  width), 
as-welded,  Bending 

28 

Plain  plate  with 
drilled  hole,  Axial 

C 

12(G) 

Flange  splice 
(unequal 

thickness),  weld 
ground,  Bending 

Slops  >•  2J  to  1  - - — — 

(Weld  faces  ground) 


Key  to  symbols  is  presented  on  Page  B-16 


Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 


DETAIL 

NUMBER 


DESCRIPTION, 

LOADING 


Welded  I-beam 
continuous  weld, 
Bending 


Welded  I-beam  with 
longitudinal 
stiffeners  welded 
to  web,  Bending 


Single  shear 
riveted  lap  joint, 
Axial 


Partial  penetration 
butt  weld,  weld 
ground,  Axial 


Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 

DETAIL 

NUMBER 

DESCRIPTION, 

LOADING 

PICTOGRAPH 

C 

25 

Lateral  attachments 
to  plate,  Axial 

^3- 

7(B) 

I-beam  with  welded 
stiffeners,  Bending 
stress  in  web 

D 

30A 

Lateral  attachments 
to  plate,  Bending 

26 

Doubler  plate 
welded  to  plate, 
Axial 

Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 


DETAIL 

NUMBER 


DESCRIPTION, 

LOADING 


PICTOGRAPH 


Cruciform  joint, 
Axial 


Transverse ' butt 
welded  I-beam,  as- 
welded,  Bending 


Cruciform  joint, 
1/4"  weld,  In-plane 
bending  stress  at 
weld  toe,  C 


I-beam  with  welded 
stiffeners , 
Principal  stress  in 
web 


(As-welded) 


Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 


DETAIL 

NUMBER 

DESCRIPTION, 

LOADING 

36 

Welded  beam  with 
intermittent  welds 
and  cope  hole  in 
the  web,  Bending 

25B 

Lateral  attachment 
to  plate  with 
stiffener,  Axial 

12 

Flange  Splice 
(unequal 
thickness ) ,  as- 
welded,  Bending 

16 

Partial  penetration 
butt  weld,  as- 
welded,  Axial 

PICTOGRAPH 


Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 

DETAIL 

NUMBER 

DESCRIPTION, 

LOADING 

D 

22 

Attachment  of  stud 
to  flange,  Bending 

21(3/8"  ) 

Cruciform  joint, 

3/8"  weld,  Bending 
stress  on  throat 
weld 

E 

20 

Cruciform  joint, 
Axial,  Stress  on 
plate  at  weld  toe  C 

23 

Attachment  of 
channel  to  flange, 
Bending 

PICTOGRAPH 


Key  to  symbols  is  presented  on  Page  B-16 


B-11 


Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 


DETAIL 

NUMBER 


DESCRIPTION 

LOADING 


PICTOGRAPH 


E 


19 


Flat  bars  welded  to 
plate,  lateral 
welds  only,  Axial 


Lateral  attachments 
to  plate,  Axial 


F 


38 


Beam  connection 
with  horizontal 
flanges,  Bending 


Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 


DETAIL 

NUMBER 


DESCRIPTION, 

LOADING 


PICTOGRAPH 


17A 


Channel  welded  to 
plate,  longitudinal 
weld  only,  Axial 


31A 


Attachments  of 
plate  to  edge  of 
flange,  Bending 


) 


F 


17 


Angles  welded  on 
plate,  longitudinal 
welds  only,  Axial 
Stress  in  angle  end 
of  weld,  C 


18 


Flat  bars  welded  to 
plate, 

longitudinal  weld 
only,  Axial  Stress 
in  plate,  C 


Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 


CATEGORY 

DETAIL 

NUMBER 

DESCRIPTION, 

LOADING 

F 

32A 

Groove  welded 
attachment  of  plate 
to  edge  of  flange, 
Bending  stress  in 
flange  at  end  of 
attachment,  C 

27 

Slot  or  plug  welded 
double  lap  joint, 
Axial 

G 

33 

Flat  bars  welded  to 
plate,  lateral  and 
longitudinal  welds, 
Axial 

46 

Triangular  gusset 
attachments  to 
plate,  Axial 

Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 

Welded  Detail  Classification  (con’t.) 


DETAIL 

NUMBER 

DESCRIPTION, 

LOADING 

40 

Interconnecting 
beams,  Bending  in 
perpendicular 
directions 

32B 

Butt  welded  flange 
(unequal  width), 
Bending 

2 1  (  S  ) 

Cruciform  joint, 
In-plane  bending, 
Shear  stress  on  the 
weld,  C$ 

18  ( S ) 

Flat  bars  welded  to 
plate,  longitudinal 
weld  only,  Axial, 
Shear  stress  on 
weld,  Cs 

Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 


DETAIL 

NUMBER 


DESCRIPTION 

LOADING 


PICTOGRAPH 


3  3  (  S  ) 


Flat  bars  welded  to 
plate,  lateral  and 
longitudinal  welds, 
Axial,  Shear  stress 
on  weld,  Cs 


S 


1 7  (  S  ) 


Angle  welded  to 
plate,  longitudinal 
weld  only,  Axial, 
Shear  stress  on 
weld,  Cs 


17A( S ) 


Channel  welded  to 
plate,  longitudinal 
weld  only,  Axial, 
Shear  stress  on 
weld,  Cs 


20  ( S ) 


Cruciform  joint, 
Axial,  Shear  stress 
on  weld,  Cs 


Key  to  symbols  is  presented  on  Page  B-16 
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Table  B-2 


Welded  Detail  Classification  (con’t.) 


CATEGORY 

DETAIL 

NUMBER 

DESCRIPTION, 

LOADING 

19  ( S ) 

Flat  bars  welded  to 
plate,  lateral 
welds  only,  Axial, 
Shear  stress  on 
weld,  C 

s 

38  ( S ) 

Beam  connection 
with  horizontal 
flanges,  Shear 
stress  on  weld,  Cs 

PICTOGRAPH 


Key  to  Symbols 

(F)  -  Flame  cut  edges 

(G)  -  Weld  ground 

(B)  -  Bending  stresses 

(P)  -  Principal  stresses 

(S)  -  Shear  stresses 

A,B,C,  ..  Additional  description  within  the  same  detail  number 

C-»  -  Crack  initiation  site  due  to  tensile  stresses 

C$->  -  Crack  initiation  site  due  to  shear  stresses 

L  -  Length  of  intermittent  weld 

P  -  Pitch  between  to  intermittent  welds 

r  -  Radius 

t  -  Thickness  of  plate 
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FINE  MESH 
STANDARD  MESH 


H - 1 - 1 — I 1 - 1 - 1 - 1- 

0  40  60  80  100  1 

DISTANCE  FROM  HOT-SPOT  (MM) 


Figure  B-2  FEA  of  attachment  detail  II 
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Appendix  C 


Analytical  Fatigue  Life  Prediction 


(THIS  PAGE  INTENTIONALLY  LEFT  BLANK) 


C.O  INFLUENCE  OF  WELD  PARAMETERS  ON  FATIGUE  LIFE 


The  use  of  1^  for  the  weld  termination  and  other  weld  configuration  permits  relatively 
easy  comparisons  between  details  and  associated  stress  concentration  factors. 

Thus,  the  K,  approach  for  basic  weld  configurations  includes  the  effects  of  such 
important  factors  as  weld  geometry,  residual  stress  and  mean  stress  because  it  is 
based  on  test  data  of  actual  welds.  This  assumes  good  welding  practice  which  is 
somewhat  subjective  and  produces  much  of  the  unaccounted  for  scatter  in  the  test 
data.  The  following  analytical  expressions  are  useful  to  determine  the  impact  of 
controlling  these  parameters. 

C.1  ANALYTICALLY  ESTIMATING  AS  WELD 

From  Basquin’s  Law,  Yung,  and  Lawrence  (C-1)  derived  an  expression  to  calculate 
the  mean  fatigue  strength  of  weldments  at  long  lives: 


AS 


weld 


i/eff 

r'fmax 


2  (gf  -  oy)  (2Ny 

1  +  J  .l.R-(2N)b 

1  ~R  1 


(C-1) 


where: 

cr'f  =  Fatigue  strength  coefficient 

<rr  =  Local  (notch  root)  residual  stress 

b  =  Fatigue  strength  exponent 

R  =  Load  ratio 


N, 


Cycles  to  failure 


f0  689.51 
2+ - 

Su 


( MPa  ,  mm  ) 


K^ax  =  Effective  fatigue  notch  factor  =  (  1  -  X  )  KfAmax  +  X  KfBmax 
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X 


+  s 


B 

a 


In  the  following  section,  we  have  assumed  that  the  total  fatigue  life  (NT)  is  equal  to 
the  initiation  fatigue  life  (N,).  It  is  expected  therefore  that  this  estimate  of  fatigue 
strength  will  be  accurate  only  at  long  lives  («107  cycles)  for  which  the  propagation 
portion  of  the  fatigue  life  ceases  to  be  important. 

C.1.1  Ripple 

The  idea  is  that  the  fatigue  notch  provided  by  the  ripple  can  be  treated  as  an  infinite 
array  of  semicircular  notches.  The  weld  metal  properties  determine  the  fatigue 
resistance  and  the  residual  stresses  in  the  as-welded  state. 

Thus: 


Kt  =  1.6 


fmax 


1  + 


1.3 


*Pb  =  f(  suwm  ) 

^  SyWM 
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2Suwm  2.SywM  +  689.5 


1  +  -|  2A/,b 

1  -  R 


(C-2) 


C.1.2  Groove  Welded  Butt  Joint 

The  idea  is  that  the  residual  stresses  at  the  toe  of  the  groove  weld  are  controlled  by 
the  yield  strength  of  the  base  metal  and  that  crack  initiation  occurs  in  the  HAZ; 
therefore  the  HAZ  properties  control  the  fatigue  resistance.  Thus,  for  the  as-welded 
state: 


a;  ,b  =  f(SuHAZ) 


ar  SyBM 


K^ax  =  1  +  0.001 5(.27)  (tan  0)025  SuHAZVT  (MPa,  mm) 

Kf®ax  =  1  +  0.0015(0.165)  (tan  0)° 167  SuHAZVT  (MPa,  mm) 


2S uhaz  ~  2SyBM  +  689.5 


1  +  1  +  -1  2N, 

1  -  R 


(C-3) 


C.1.3  Non-Load  Carrying  Fillet  Weld 

The  idea  is  that  the  residual  stresses  at  the  toe  of  the  fillet  weld  are  controlled  by  the 
yield  strength  of  the  base  metal  and  that  crack  initiation  occurs  in  the  HAZ  and 
therefore  the  HAZ  properties  control  the  fatigue  resistance,  that  is  all  is  as  in  B.2.2 
above  except  for  differences  in  the  models  for  Kf  which  include  the  effect  of  the  LOP 
(2c)  oriented  parallel  to  the  applied  stress: 

o-'f ,  b  =  f(SuHAZ) 

0"r  —  S„RM 
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Case  1  -  A  model  for  K^,  which  considers  the  effect  of  LOP 


1.00 

XL,  =  1  +  0.001 5(.35)(tane)“ 25  1  *  1.1  £  SuHAZ  JT  ( MPa,mm ) 


KL  =  1  +  O.OO15(.21)(tan0)0167  SuHAZ  Jt 


(MP  mm) 


Case  2  -  A  model  for  which  considers  the  effect  leg  length 


KL  =  1  +  0.0015(.04)  2  -  1  S„MZ  v/T 

N 


(MPa,  mm) 


2SuHAZ  2-SyBM  +  689.5 


1  +  R  2N, 
1  -  R 


(C-4) 


C.1.4  Load  Carrying  Fillet  Weld 

The  idea  is  that  the  residual  stresses  at  the  toe  of  the  fillet  weld  are  controlled  by  the 
yield  strength  of  the  base  metal  and  that  crack  initiation  occurs  in  the  HAZ  and; 
therefore,  the  HAZ  properties  control  the  fatigue  resistance,  that  is,  all  is  as  in  C.1.3 
above  except  for  differences  in  the  models  for  Kf  which  include  the  effect  of  the  LOP 
(c)  now  oriented  perpendicular  to  the  applied  stress: 


*  I  _ 

KiL  -  1  +  0.001 5(.35)(tan0)° 25  1+1.1  ~  SuHAZ  JF  ( MPa ,  mm) 
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At  long  lives,  the  likelihood  of  LOP  failure  in  a  weldment  is  increased.  Increasing 
plate  thickness  (t)  increases  the  tendency  for  LOP  failure. 

C.1.5  A  Fillet-Weld  Termination 

For  fillet  weld  terminations,  the  residual  stresses  at  the  toe  at  the  end  of  the  fillet 
weld  are  controlled  by  the  yield  strength  of  the  weld  metal  and  that  crack  initiation 
occurs  in  the  HAZ  and  therefore  the  HAZ  properties  control  the  fatigue  resistance. 
The  models  for  Kf  include  the  three  dimensional  effects  of  flow  of  the  stress  in  the 
main  plate  into  the  weld  and  the  attachment.  This  quantity  is  captured  as  a  stress 
concentration  factor  of  SCF  which  is  the  ratio  of  the  stress  at  the  location  of  the 
hypothetical  strain  gage  a  distance  (t)  away  from  the  toe  of  the  weld  to  the  stresses 


C-5 


at  the  station  of  the  weld  toe  in  the  absence  of  the  weld.  These  results  must  be 
determined  from  the  results  of  the  original  FEA. 

<rf,  b  =  f(SuHAZ) 

=  SyWM 

SCF  =  1.5 


KfAmax  =  SCF*[  1  +  0.001 5(.35)(tan0)025 


+  1.1 


’  c: 

1 

1.65 

/ 

'uHAZ 


(MPa,  mm) 


KL  =  SCF*[1  +  0.0015(.21)(tand)0167  S„„A2  ■JF ] 


(MPa,  mm) 


AS 


weld 


+  689.5 

2  N, 

IX  e ft 

r'fmax 

1  + 

1  +  R' 

2N, 

1  -  R 

(C-6) 


C.2  EFFECTS  OF  BENDING 

Bending  of  attachments  on  plate  is  important  because  of  minimal  section  depth. 
Bending  of  the  plate  causes  stress  gradient  effects.  Only  one  of  the  weld  details  in 
Table  B-1  was  subjected  to  pure  bending.  All  others,  while  subjected  to  a  nominal 
bending  load,  are  of  such  a  depth  that  the  stress  state  at  the  fatigue  initiation  site  is 
for  all  purposes  an  axial  load,  thus  the  loading  is  considered  pseudo-axial.  However, 
from  this  one  example  comparing  SSC-318  (C-2)  detail  30  with  30A  shows  that  there 
can  be  a  large  difference  to  the  fatigue  response  of  weldment  to  pure  axial  and  pure 
bending  loading  (ASdesign  =  99.6  MPa,  axial,  ASdesign  =  144.3  MPa,  bending).  This 
effect  is  captured  by  the  analytical  expressions  for  AS1^  and  as  well  as  by  the 
experimental  database;  however,  there  are  very  few  pure  bending  entries  in  Table  B- 
1  probably  because  the  data  has  been  restricted  to  R  =  0  loading  conditions. 


C-6 


The  analytical  expressions  of  ASweld  can  deal  with  various  combinations  of  axial  and 
bending  loads  directly  or  provide  an  expression  for  predicting  the  expected  mean 
fatigue  life  at  a  given  long  life  using  the  experimental  results  for  pure  axial  and  pure 
bending  loading: 


AS 


A+B 

weld 


AS 


A 

weld 


* 


A 


e 

weld 


&Sweld  (1  ~  x)  +  A Sweid  (X) 


(07) 


where: 

AS*eld  =  Experimental  fatigue  strength  under  pure  axial  loading 

AS®eld  =  Experimental  fatigue  strength  under  pure  bending  loading 

The  weld  termination  represents  a  large  challenge  because  it  cannot  be  dealt  with 
adequately  using  a  2-D  stress  analysis.  If  the  situation  were  axial  loading,  the  ratio  of 
the  stress  at  the  location  of  the  hypothetical  strain  gage  a  distance  (t)  away  from  the 
toe  of  the  weld  to  the  nominal  stresses  at  the  station  of  the  weld  toe  would  be  1. 
However  even  in  2-D  states  of  stress,  local  bending  can  cause  stress  gradients 
independent  of  the  stress-concentrating  effects  of  the  weld  toe.  In  situations  such  as 
the  weld  termination  the  relationship  between  the  nominal  stress  at  the  location  of  the 
strain  gage  and  that  at  the  station  of  the  weld  toe  is  dependent  upon  many  factors. 

To  solve  this  problem  the  designer  determines  the  stress  at  the  location  of  the  weld 
toe  from  the  results  of  a  finite  element  method  and  expressed  it  as  an  SCF. 
Incorporation  of  this  SCF  into  the  expression  for  K,  for  the  fillet  weld  and  assuming 
the  high  level  of  tensile  residual  stresses  possible  because  of  the  shrinkage  of  the 
weld  metal,  leading  to  the  creation  of  an  analytical  model  which  predicted  the 
behavior  of  the  weld  termination.  It  is  believed  that  this  process  can  also  be  used  for 
other  weld  shapes  having  a  geometry  which  cannot  be  analyzed  as  a  simple  "2-D" 
FEM  problem. 

Under  pure  axial  loading  and  for  normal  weld  toes  (0  <  45°),  fatigue  is  predicted 
always  to  occur  at  the  root.  Under  pure  bending  loads,  fatigue  failure  will  always 
occur  at  the  toe  before  the  weld  root.  Note  that  most  axially  loaded  welds  have 
induced  bending  stresses  at  the  weld  toe  due  to  the  straightening  of  weld  distortions 
under  axial  load.  This  effect  induces  secondary  bending  stresses  which  can  easily 
cause  the  weld  toe  to  become  the  failure  site  even  under  nominally  axial  loading 
conditions. 

In  Figure  C-1  the  ratio  of  ASweld(root)/ASweld(toe)  is  plotted  against  the  ratio  of  bending 
stress  amplitude  to  total  stress  amplitude  (x).  As  seen  in  Figure  C-1,  when  the  value 
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of  (x)  exceeds  about  0.3  (that  is,  when  the  ratio  of  bending  to  total  stresses  is  above 
0.35,  the  failure  location  should  shift  to  the  weld  toe.  Unfortunately  the  most  effective 
way  of  improving  the  fatigue  life  of  the  load-carrying  fillet  weld  failing  from  its  root  is 
to  increase  the  weld  penetration,  that  is,  to  reduce  the  value  of  (c).  This  change  has 
a  large  beneficial  effect  upon  ASweld(root),  but  also  improves  the  performance  at  the 
weld  toe  so  that  shifting  the  failure  location  from  the  root  to  the  toe  requires  large 
reductions  in  the  value  of  (c).  Note  again  that  the  above  discussion  assumes  a  zero 
value  for  the  welding  residual  stresses  at  the  weld  root. 

Calculations  were  made  using  the  Initiation  -  Propagation  Model  to  approximate  the 
total  fatigue  life.  The  initiation  life  calculations  was  slightly  altered  to  take  into 
account  the  set-up  cycle.  The  propagation  life  calculation  was  made  using 
expressions  for  Mk  (C-4). 

C.3  CALCULATIONS  MADE  USING  THE  ANALYTICAL  EXPRESSIONS 

Calculations  were  performed  for  hot-rolled  steel  under  a  load  ratio  (R)  =  0.  From  the 
work  of  McMahon  and  Lawrence  (C-7),  the  relationships  between  the  ultimate 
strength  of  the  base  metal  and  the  ultimate  strength  of  the  heat  affected  zone  and  the 
yield  strength  of  the  base  metal  (Figures  C-1  and  C-2)  for  hot-rolled  steel  were  found 
to  be: 


SyBM  (5/9)  SuBM 
SuHAZ  =  1.5*  SuBM 

A  reasonable  (assumed)  relationship  between  the  ultimate  strength  of  the  weld  metal 
and  the  yield  strength  of  the  weld  metal  was  assumed  to  be: 

SyWM  ~  (7/9)  SuWM 

In  addition,  the  following  values  were  assumed: 


X 

= 

0.0 

e 

= 

45° 

t 

= 

19mm 

SuBM 

= 

414  MPa 

SUWM 

= 

483  MPa 

SyBM 

= 

(5/9)  *  SuBM  =  230  MPa 

SyHAZ 

— 

1-5  *  SuBM  =  621  MPa 

SyWM 

= 

(7/9)  *  SuWM  =  376  MPa 

The  results  are  plotted  in  Figures  C-3  through  C-8  together  with  the  mean  S/N  data  of 
the  local  fatigue  details  from  SSC-318  (C-2).  In  Figure  C-3,  the  analytical  expression 
for  the  ripple  primitive  underestimates  life  but  is  very  reasonable  and  a  somewhat 
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HAZ  Hardness,  DPH 


Base  Metal  Hardness,  DPH 


Figure  C-2  Hardness  of  the  heat  affected  zone  as  a  function  of  base  metal 
hardness. 
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Figure  C-3  Yield  strength  as  a  function  of  hardness 


-  Detail  #4 


(is^)  SV  ‘sSinra  sssas  iuuiuion 


C-12 


Figure  C-4  Comparison  of  the  S-N  data  for  ship  structure  details  and  the 
analytical  expression  for  the  weld  Primitive  R-Ripple 
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Figure  C-5  Comparison  of  the  S-N  data  for  ship  structure  details  and  the  analytical 
expression  for  the  weld  Primitive  G  -  Groove  Welded  Butt  Joint 
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Figure  C-6  Comparison  of  the  S-N  data  for  ship  structure  details  and  the  analytical 
expression  for  the  weld  Primitive  F  -  Non-Load  Carrying  Fillet  Weld 
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I,  Primitive  F  -  Non-Load  Carrying 
Fillet  Weld,  Case  2 
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Figure  C-7  Comparison  of  the  S-N  data  for  ship  structure  details  and  the  analytical 
expression  for  the  weld  Primitive  F  -  Non-Load  Carrying  Fillet  Weld 


-  Detail  #14 
•  Detail  #20 
-Detail  #21 


(is30  sv  ‘switch  SS3JJS  itunuoM 
C-16 


Figure  C-8  Comparison  of  the  S-N  data  for  ship  structure  details  and  the  analytical 
expression  for  the  weld  Primitive  F’  -  Load  Carrying  Fillet  Weld 


conservative  approximation.  In  Figure  C-4,  the  analytical  expression  for  the  groove 
welded  butt  joint  primitive  is  in  very  good  agreement  with  the  S-N  data.  It  is 
especially  good  at  very  long  lives  when  initiation  dominates  fatigue  life  and  the 
absence  of  the  propagation  life  does  not  make  much  of  a  difference.  The  analytical 
expressions  for  the  non-load  carrying  fillet  primitive  are  reasonable  as  shown  in 
Figures  C-5  through  C-8.  The  analytical  expressions  for  the  termination  primitive  is 
also  reasonable  at  long  lives  but  is  too  conservative  at  shorter  lives  (N<1E+06). 

The  results  are  plotted  in  Figures  C-9  through  C-12  together  with  the  mean  S-N  data 
of  the  local  fatigue  details  from  SSC-318.  No  calculations  were  made  for  the  ripple 
(R)  and  groove  weld  (G)  primitives  because  values  of  Mk  were  not  available.  The  l-P 
calculations  for  the  non-load-carrying  fillet  primitive  are  reasonable  as  shown  in 
Figures  C-9  and  C-10.  Comparing  the  l-P  calculations  with  the  I  calculations,  one 
can  see  the  significant  effect  of  propagation  at  shorter  lives  and  its  almost  negligible 
effect  at  longer  lives.  In  Figure  C-11,  the  l-P  calculation  for  the  load-carrying  fillet 
primitive  is  in  good  agreement  with  the  S-N  data.  An  increase  in  fatigue  life  is  seen 
at  high  stresses  due  to  the  addition  of  the  propagation  life;  but  once  again,  not  much 
of  a  difference  is  seen  at  long  lives.  The  termination  calculations  agree  with  the  S-N 
data  over  all  the  lives  due  to  the  addition  of  the  propagation  life  but  the  estimated 
initiation  portion  of  life  seems  to  be  a  bit  too  long  (un-conservative). 
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Total  Fatigue  Life,  NT  (cycles) 

Figure  C-10  Comparison  of  the  l-P  model  predictions  and  S-N  data  of  ship  structure 
details  for  the  weld  Primitive  F  -  Non-Load  Carrying  Fillet  Weld  Load 
Case  1. 


Figure  C-1 1  Comparison  of  the  l-P  model  predictions  and  S-N  data  of  ship  structure 
details  for  the  weld  Primitive  F  -  Non-Load  Carrying  Fillet  Weld  Load 
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Figure  C-13  Comparison  of  the  l-P  model  predictions  and  S-N  data  of  ship  structure 
details  for  the  weld  Primitive  T  -  Weld  Termination 


C.4  SUMMARY 


The  predictions  of  fatigue  strength  using  the  analytical  expressions  given  for  each  of 
the  primitives  agree  with  the  experimental  results  at  long  lives  (N  =  107).  Thus,  the 
expressions  are  able  to  predict  primitive  behavior  through  are  able  to  predict  primitive 
behavior  through  a  knowledge  of  the  weldment  material  properties  (Su),  residual 
stress  (<xr),  loading  conditions  (x),  plate  thickness  (t),  and  weld  geometry  (0,  I,  c). 
Finally,  analytical  predictions  of  the  fatigue  behavior  of  the  primitives  made  using  the 
l-P  model  were  good  at  both  long  and  short  lives.  Thus,  it  would  appear  that  the  l-P 
model  agrees  well  with  the  experimental  results  but  has  the  powerful  advantage  of 
revealing  to  the  engineer  the  true  importance  of  interconnectedness  of  the  many 
fatigue  variables  influencing  the  fatigue  behavior  of  a  given  primitive  (weldment). 

By  assigning  average  values  to  the  fatigue  parameters  reflected  in  the  data  base 
information  for  a  primitive,  the  designer  can  gauge  the  anticipated  effect  on 
experimental  S-N  diagram  information  of  substantial  changes  in:  weldment  size  (t),  R 
ratio,  loading  conditions  (x),  base  metal  and  weld  metal  strength  (Su,  Sy),  weld 
geometry  (0,  I,  c),  residual  stress  conditions  through  the  use  of  the  expression  below 
and  the  provided  analytical  expression  for  the  appropriate  primitive. 
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APPENDIX  D 


Glossary 


(THIS  PAGE  INTENTIONALLY  LEFT  BLANK) 


Cathodic  protection 


Constant  amplitude 
fatigue  limit 


Continuous 

termination 

Cruciform  or 
transverse  load¬ 
carrying  joint 


Cut-off  limit 


Design  life 


Detail  category 


Discontinuity 


Discontinuous 

termination 


A  means  of  reducing  corrosive  attack  on  a  metal  by 
making  it  the  cathode  of  an  electrolytic  cell.  This  can 
be  done  by  applying  an  external  direct  current  from  a 
power  source  (impressed)  or  by  coupling  it  with  a  more 
electro-positive  metal  (sacrificial). 

The  fatigue  strength  at  5-1 06  cycles.  When  all  nominal 
stress  ranges  are  less  than  the  constant  amplitude 
fatigue  limit  for  the  particular  detail,  no  fatigue 
assessment  is  required. 

Termination  from  continuous  weld. 


Specimen  made  from  two  lengths  of  plate  welded,  via 
fillet  or  full  penetration  welds,  to  either  side  of  a 
perpendicular  cross  piece  of  the  same  section 
thickness. 

The  fatigue  strength  at  108  cycles.  This  limit  is 
calculated  by  assuming  a  slope  corresponding  to 
m  =  5  below  the  constant  amplitude  fatigue  limit.  All 
stress  cycles  in  the  design  spectrum  below  the  cut-off 
limit  may  be  ignored  unless  the  detail  is  exposed  to  a 
corrosive  environment. 

The  period  during  which  the  structure  is  required  to 
perform  without  repair. 

The  designation  given  to  a  particular  structural  detail  to 
indicate  which  of  the  fatigue  strength  curves  should  be 
used  in  the  fatigue  assessment.  The  category  takes 
into  consideration  the  local  stress  concentration  at  the 
detail,  the  stress  direction,  and  residual  stresses. 

An  absence  of  material  causing  a  stress  concen-tration. 
Typical  discontinuities  are  cracks,  scratches,  corrosion 
pits,  lack  of  penetration,  slag  inclusions,  cold  laps, 
porosity,  and  undercut. 

Termination  from  intermittent  weld. 
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Fatigue 

Fatigue  design  stress 

Fatigue  limit 
Fatigue  loading 

Fatigue  notch  factor 

Fatigue  strength 
Geometric  stress 

Hot  spot  stress 

Load  case 

Load  stress 


The  damage  of  a  structural  part  by  gradual  crack 
propagation  caused  by  repeated  stresses. 

The  stress  in  a  structural  member  at  the  location  of  the 
weld  and  at  one  plate  thickness  from  the  weld  toe  for 
weld  termination  typical  for  calculated  using  FEA.  This 
stress  is  correlated  to  nominal  stress  range  to 
determine  fatigue  life. 

See  "cut-off'  limit. 

Fatigue  loading  describes  the  relevant  variable  loads 
acting  on  a  structure  throughout  the  design  life.  The 
fatigue  loading  in  ships  is  composed  of  different  load 
cases. 

Ratio  of  stress  of  a  notched  detail  to  stress  for  a  plan 
detail  at  a  constant  fatigue  life. 


The  stress  range  corresponding  to  a  number  of  cycles 
at  which  failure  occurs. 

The  stress  at  any  point  around  the  detail  inter-section 
necessary  to  maintain  the  compatibility  of 
displacements.  This  stress  excludes  local  stress  and 
depends  on  the  nominal  stress  and  overall  geometry  of 
the  intersecting  members. 

The  stress  which  controls  fatigue  endurance  in  tubular 
nodal  joints.  It  can  be  defined  experi-mentally  or  in 
design  by  the  product  of  the  nominal  stress  and  the 
design  hot  spot  stress  concentration  factor.  This  form 
is  used  primarily  for  offshore  structural  details. 

A  part  of  the  fatigue  loading  defined  by  its  relative 
frequency  of  occurrence  as  well  as  its  magnitude  and 
geometrical  arrangement. 

The  stress  due  to  the  discontinuity  at  the  weld  and 
which  is  superimposed  on  the  geometric  stress. 
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Nominal  stress 

Nominal  stress 

Ripple 

Weld  profiling 
Weld  toe 


The  detail  stress  remote  from  the  intersection.  This 
includes  geometric  stress  at  the  weld  toe  in  the 
absence  of  weld. 

range  The  algebraic  difference  between  two  extremes 

(reversals)  of  nominal  stress.  Usually,  this  difference  is 
identified  by  stress  cycle  counting.  Stress  extremes 
may  be  determined  by  standard  elastic  analysis  and 
applying  forces  and  moments  to  the  cross-sectional 
areas.  Exceptions  to  this  definition  are  details  near  cut¬ 
outs,  man-holes,  or  other  stress  concentrations  not 
shown  in  Table  3-1. 

Uneven  weld  surface. 

Process  of  mechanically  altering  weld  surface 
geometry. 

The  intersection  of  the  weld  profile  and  parent  plate. 
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